Abstract-The success of microwave imaging via model-based inverse scattering is dependent on the quality of the model of the environment surrounding the imaging domain. Uncertainties in the properties of the environment may be significant enough to create a level of model-based noise that competes with the signals that carry information about the object's features of interest. In this paper, we investigate the impact of environmental material properties uncertainty on the problem of microwave breast imaging. Specifically, we analyze sensitivity to errors in the modeled environment, relative to sensitivity to breast tissue features of interest for a fixed enclosed array design. We also evaluate the impact of changing the array configuration (decreasing antennato-breast spacing and increasing breast compression) on these sensitivities. The results illustrate several regimes in which the model noise associated with uncertainty in the material properties in the array environment is comparable to the signals associated with the features of interest in the breast. These results highlight the importance of considering the effects of material properties uncertainty when evaluating reconstruction algorithms and array designs for microwave inverse scattering.
I. INTRODUCTION
Q UANTITATIVE 3-D microwave imaging is a low cost, nonionizing imaging modality that generates volumetric maps of the dielectric properties of tissue. This modality has been under investigation for several breast imaging applications, including breast cancer risk assessment, detection, and treatment monitoring. The unknown breast tissue dielectric properties distribution is commonly reconstructed using iterative model-based inverse scattering algorithms (see [1] - [4] ). The optimization problem underlying these algorithms involves minimizing the difference between field values obtained from actual array measurements of the object (i.e., the breast) and field values obtained from simulations of the array and the object (i.e., the estimated profile of the dielectric properties of the breast). The latter is denoted by the "forward simulation."
The underlying assumption is that the best match between simulated and measured signals will occur when the simulated model of the object, i.e., the breast, has the same dielectric properties as the actual object, and that differences between the measured and simulated signals are dominated by differences between the actual and estimated properties of the object. However, uncertainty in the material properties of the "known" environment outside the object represents an additional source of signal discrepancy, or noise. Because the inverse scattering problem is highly ill-posed, inversion algorithms are particularly vulnerable to noise and other errors [5] . Thus, a key consideration in the design of a microwave breast imaging system is the desired sensitivity to breast tissue features relative to undesired sensitivity to uncertainty in the properties of the environment. Previous studies have evaluated theoretical detectability limits for low-noise microwave imaging systems [6] , [7] as well as S-parameter sensitivity to permittivity changes and noise under assumptions of known properties for the object of interest and the background [8] . A system designed for microwave breast imaging was described in [9] , and the impact of selected environmental properties uncertainties on the reconstructed images was explored for a specific inverse scattering algorithm. None of these studies compared the signals from complex scattering objects and the noise due to model errors or ways to reduce sensitivity to such errors.
In this paper, we present an investigation of the relationship between signal sensitivity to tissue features of interest and sensitivity to errors in the assumed environmental properties in the forward simulation of a model-based inverse scattering algorithm. We quantify this relationship using a sensitivity ratio. While we present one example of the impact of model error on an imaging algorithm, we focus primarily on the feature signals and error signals directly, rather than reconstructed images, thereby decoupling the question of how well a particular imaging algorithm performs in the presence of uncertainty (the subject of [9] ) from the question of how much impact uncertainty has on the fundamental signals themselves. Thus, the sensitivity ratio metric allows for algorithmindependent assessment of the quality of scattering data acquired from various potential imaging array configurations and provides a means for relative comparisons. We note that it is not intended to be an indicator of absolute image quality, as some imaging algorithms are more robust than others in performing well with lower quality scattering data.
We apply the sensitivity ratio metric to data collected from anatomically realistic 3-D numerical breast phantoms. We evaluate the sensitivity ratio under two scenarios: varying degrees of mismatch between actual and assumed environmental material properties and varying array design parameters. For the latter scenario, we evaluate the potential for improving the sensitivity ratio by changing the spacing between array panels and introducing a variable amount of breast compression in an open configuration. We do not consider the effects of fabrication variations such as connectors, soldering, and dimension errors, as these effects do not lend themselves to a systematic, generalizable analysis. The sensitivity ratio employed in this paper assumes that the effects of transmission lines and feed networks have been properly removed using standard linear calibration methods, leaving the nonlinear effects of the background materials uncertainty as the dominant error sources. The results of this analysis illustrate the value of this sensitivity ratio in evaluating microwave imaging arrays. The metric serves as a valuable quantitative tool for evaluating array performance not only for microwave breast imaging but also for a variety of other imaging and sensing applications.
The numerical testbed and the method for calculating the sensitivity ratio are presented in Section II. Section III describes the array configurations and material properties uncertainties considered in this paper. Section IV presents results for enclosed, open (noncontacting), and breastcompression arrays. An example of the impact of material properties perturbation on an imaging algorithm is presented in Section V. Conclusions are presented in Section VI.
II. ANALYSIS METHOD
Characterizing the strength of the signal associated with a feature within the object relative to the noise associated with environmental material properties uncertainty requires precise control over both the object and the microwave imaging array environment. To achieve this control, we used a virtual testbed based on full-wave finite-difference time-domain simulations of an antenna array and breast phantom. Simulated array measurements from the virtual testbed yielded a complete multistatic set of S-parameter matrices containing the S-parameters for all pairs of antennas.
We define the feature signal as the difference between the simulated array measurements in the presence of the full object (S full ) and the simulated array measurements in the presence of a reduced version of the object that lacks the key feature of interest (S reduced 
Here, N is the number of antennas in the array, and f is the frequency. For example, for tumor sensitivity analysis where the feature of interest is the tumor, S full refers to S-parameters for a heterogeneous breast phantom with an embedded tumor, and S reduced corresponds to the same heterogeneous phantom with no inclusion. For breast density evaluation where the feature of interest is the full fibroglandular tissue distribution within the breast, S full refers to S-parameters for a fully heterogeneous breast phantom and S reduced corresponds to a breast phantom with no interior heterogeneity. This latter phantom is created by replacing the (ordinarily heterogeneous) interior of the phantom with a homogeneous material having dielectric properties corresponding to the average properties of the original interior. We define the error signal as the difference between S full and the simulated array measurements of the full object with perturbed environmental material properties (S perturbed 
For example, a 5% perturbation in background properties would correspond to computing S perturbed using dielectric properties equal to 0.95 times the values used for computing S full . This difference represents the model error that would arise in practice due to uncertainty in the environmental properties. This error signal is not the difference between measured and simulated signals which drives reconstruction algorithms, because here the object itself has no error in its properties; rather the error in properties is solely due to uncertainty in the "known" environment surrounding the object. We define the error signal in this way to hone in on that error which a reconstruction algorithm cannot reduce.
The sensitivity ratio is defined as the ratio of the feature signal to the error signal. This ratio serves as a quantitative metric for evaluating potential array designs based on their sensitivity to features of interest and their robustness in the presence of material properties uncertainty. It also provides insight about the importance of precise dielectric properties characterizations of the "known" array environment (e.g., immersion medium and substrate).
The objects used in this paper are MRI-derived breast phantoms [10] representing Classes 2 and 3 breast densities ("scattered fibroglandular" and "heterogeneously dense," respectively) defined by the American College of Radiology Breast Imaging Reporting and Data System [11] . These phantoms were derived from negative screening MRIs of healthy patients and thus contain no tumors or other diseased tissue; they contain only healthy adipose and fibroglandular tissue. First, we use the fibroglandular tissue within the breast as the feature of interest. The clinical context for this case is breast density evaluation-that is, the estimation of the amount of fibroglandular tissue present in the breast volume. The Classes 2 and 3 phantoms differ from each other in terms of the volume of fibroglandular tissue and its distribution. S full is the S-parameter matrix in the presence of the full breast phantom with fibroglandular tissue distributed throughout the breast, and S reduced is the baseline S-parameter matrix collected in the presence of a phantom in which the heterogeneous interior dielectric properties distribution has been replaced with a homogeneous interior consisting of the average properties of the phantom. S perturbed is the S-parameter matrix computed in the presence of the full breast phantom, but with perturbed environmental material properties. Second, we introduce a tumor into the Classes 2 and 3 phantoms, as shown in Fig. 1 , where malignant tissue properties from [12] have been assigned to the tumor region, and use the tumor as the feature of interest. The clinical context for this case is tumor detection. It should be noted that this analysis method can be used to evaluate sensitivity to other features of interest as well. The method only requires that simulated signals be collected with and without the feature of interest present.
III. ARRAY CONFIGURATIONS
The sensitivity ratio can be improved by either decreasing the error signal or increasing the feature signal. The error signal can be decreased by reducing the uncertainty in the material properties of the array, or by pursuing array designs with lower sensitivity to material properties uncertainty. The feature signal can be increased by pursuing array designs that improve the sensitivity to the feature of interest. We have investigated the effects of different array designs, shown in Fig. 2 , on these competing signals. First, we examined an enclosed array of miniaturized multiband patch antennas shown in Fig. 2(a) . This array is similar to the one reported in [13] and represents an array currently in laboratory use. However, unlike the array in [13] , the array used in this paper has a 2-mm-thick superstrate to minimize the impact of changes in the immersion medium on the resonant frequency of the antennas-an effect that would confound the investigation. The second configuration we examined is shown in Fig. 2(b) . This open array consists of two panels that can be moved closer to the surface of the breast phantom. The panel separation is denoted as d in the diagram. Each panel is identical to the fully enclosed array panels; we have simply removed two of the four side panels. The phantom is modified with a fixed level of mild compression so that as the panel spacing varies, the phantom does not change. The third configuration we examined is shown in Fig. 2(c) and consists of the same two panels, now in contact with the surface of the breast phantom. As the panels are moved closer together, the breast phantom is distorted to simulate the effect of compression.
Each panel in each of the arrays consists of a groundplane, a Rogers RO4360 substrate (baseline properties: ε r = 6.15), and a Rogers RT Duroid 5870 superstrate (baseline properties: ε r = 2.33). This superstrate was chosen to achieve a close match to the properties of the oil-based immersion medium. The immersion medium is modeled as a dispersive material using a two-pole Debye model with properties similar to vegetable oil (baseline Debye parameters: ε s = 2.68, ε ∞ = 2.35, σ s = 0, τ 1 = 20.4 ps, and τ 2 = 202 ps). Simulated array measurements are recorded at 1.39 and 2.39 GHz, the resonant frequencies of the TM 100 and TM 300 modes of the patch antennas with baseline array material properties. These two frequencies of operation are subsequently referred to in this paper as the low and high frequency bands of the array.
We investigate the effect of dielectric properties uncertainty in both the immersion medium surrounding the breast and the substrate and superstrate layers constituting the walls of the array. We simulate levels of mismatch in ε s and ε ∞ of the immersion medium ranging from 0.5% to 5%. The upper bound on this range corresponds to the measurement precision of commercially available coaxial dielectric probes such as Agilent Technologies' 85070E Dielectric Probe Kit [14] . The precision of more advanced techniques such as sensing capacitor-based systems [15] , [16] falls within this range. For the substrate and superstrate, we simulate levels of mismatch in ε r ranging from 0.05% to 5%. The upper bound on this range corresponds to manufacturer-specified tolerances based on clamped stripline measurements [17] . The precision obtainable from advanced split-post resonator techniques [18] falls on the lower end of this range.
The decision to analyze substrate-based antennas is based on the fact that they are widely used for applications in which compact antennas are desirable. In particular, they have seen use in microwave imaging systems (see [9] , [19] , [20] ).
IV. SENSITIVITY RESULTS
This section presents results for the array configurations and features of interest described above. First, we present 
A. Enclosed Array Configuration
The enclosed array configuration consisting of four side panels each with eight dual-band patch antennas is shown in Fig. 3 with the Classes 2 and 3 phantoms. The physical array dimensions as shown in Fig. 3 are fixed while we vary the properties of the immersion liquid that fills the space between the array panels and the breast. Fig. 4 shows the sensitivity ratio as a function of mismatch between the dielectric properties of the immersion liquid in the simulated array measurements (the baseline properties) and those assumed in the forward simulations (elevated properties). The low and high frequency bands reported in Fig. 4 correspond to fixed frequencies of 1.39 and 2.39 GHz, respectively. The resonant frequencies of the antennas shifted by less than 10 MHz as the immersion liquid properties were increased by up to 5% from their baseline values. Thus, frequency shifts had minimal impact on this investigation.
The sensitivity ratio for the enclosed array decreases as the level of properties mismatch (and corresponding error signal) rises. For both phantoms, the high frequency band is more sensitive to immersion liquid properties uncertainty than the low frequency band. At higher frequencies, the electrical path length through the liquid is longer than that at lower frequencies. Thus, the high frequency signal accumulates more phase velocity error for the same physical path length. The sensitivity ratio for the Class 3 phantom is higher than that for the Class 2 phantom. This is not surprising; the Class 3 phantom has a higher proportion of fibroglandular tissue than the Class 2 phantom and thus generates a larger feature signal. Fig. 5 shows the sensitivity ratio for varying levels of substrate and superstrate dielectric properties mismatch. In contrast to the previous investigation, here the resonant frequencies begin to shift at 1% mismatch. By 5% mismatch the resonant frequency shift is large enough that almost no signal remains at the original resonant frequency (where results are recorded), and thus S perturbed approaches zero.
As in the previous case, the high frequency band is more sensitive to sub/superstrate properties uncertainty than the low frequency band, although unlike the previous case there is no appreciable sensitivity ratio difference between the Classes 2 and 3 phantoms. The array is much more sensitive to substrate/superstrate uncertainty than to immersion liquid uncertainty. For example, the sensitivity ratio crosses zero at 0.2% substrate/superstrate mismatch whereas it crosses zero at 2.5% immersion medium properties mismatch. The high sensitivity to substrate and superstrate properties mismatch indicates that these materials need to be exceptionally well characterized, and/or the imaging algorithm must be robust with respect to the model error that results from this uncertainty.
B. Two-Panel Open Array Configuration (No Breast Compression)
The open array configuration consisting of two opposing side panels each with eight dual-band patch antennas is shown in Fig. 6 for the Classes 2 and 3 phantoms, at the maximum and minimum panel spacings. The sensitivity ratio as a function of panel spacing for the Classes 2 and 3 phantoms is shown in Figs. 7(a) and 8(a) , respectively. Here the error signal corresponds to a fixed 2.5% mismatch in the immersion medium properties. These results indicate that moving the antennas closer to the phantom improves the sensitivity ratio for a fixed level of uncertainty in the immersion medium properties. For both phantoms, a decrease of 60 mm in the panel spacing results in a ∼10 dB increase in the sensitivity ratio for the combined frequency bands. This improvement could either be because the closer panel spacing leaves less immersion liquid inside the imaging domain, thus reducing the impact of immersion medium properties uncertainty, or because bringing the panels closer to the phantom increases the desired feature sensitivity-or some combination of the two effects. To investigate the latter effect decoupled from the former, we define a normalized sensitivity metric. This metric compares the feature signal at a specific (smaller) panel spacing with the feature signal at a reference (baseline) panel spacing of d = 160 mm.
The normalized sensitivity as a function of the panel spacing is shown in Figs. 7(b) and 8(b) for the Classes 2 and 3 phantoms, respectively. Moving the panels closer to the breast has a moderate impact on sensitivity to the features of interest. These results suggest that for both phantoms, approximately half of the ∼10-dB improvement in the sensitivity ratio observed for a 60 mm decrease in panel spacing is due to improved sensitivity to the features of interest, while the other half is due to reduced sensitivity to uncertainty in the immersion medium properties. 
C. Two-Panel Open Array Configuration With Breast Compression
The two-panel open array configurations consisting of two side panels that compress the breast are shown in Fig. 9 for the Classes 2 and 3 phantoms under minimum and maximum compression (or, conversely, maximum and minimum panel spacing). The panel spacing dimensions include the two 2-mmthick superstrates. Thus the corresponding breast thickness is 4 mm less than the stated panel spacing. The breast thickness at maximum compression-50 mm for the Class 2 and 49 mm for the Class 3 phantom-falls in the middle of the range spanned by reported clinical mammographic compression (e.g., 54 mm [21] ) and FDA standard mammography accreditation phantoms (42 mm [22] ).
The sensitivity ratio as a function of panel spacing (or the degree of breast compression) for the Classes 2 and 3 breast phantoms is shown in Figs. 10(a) and 11(a) , respectively. Here the error signal corresponds to a fixed 0.2% mismatch in the sub/superstrate material properties. Fig.10(a) shows that compressing the Class 2 phantom yields slight improvements in sensitivity ratio. Compressing the Class 3 phantom [ Fig. 11(a) ] results in a nearly 10-dB improvement in the sensitivity ratio in the high frequency band, but a smaller improvement in the low frequency band. This improvement could be due to decreased error signal or improved feature signal. To investigate the latter effect we again consider a normalized sensitivity metric. For these compression investigations, the normalized sensitivity compares the feature signal at a specific (smaller) panel spacing with the feature signal at a reference (baseline) panel spacing of d = 82 mm for the Class 2 and d = 84 mm for the Class 3 phantom.
The normalized sensitivity as a function of the panel spacing (breast compression) is shown in Figs. 10(b) and 11(b) for the Classes 2 and 3 phantoms, respectively. Compressing the Class 2 phantom has minimal impact on both frequency bands. Compressing the Class 3 phantom results in an ∼8 dB improvement in feature sensitivity at the high frequency band. The impact on the feature signal in the low frequency band is minimal. The fact that the Class 3 phantom exhibited a greater change in sensitivity ratio due to compression could be attributed to the fact that this phantom initially did not cover the full spread of antennas on each panel, and as it elongated under compression it began to cover more of the antennas. The Class 2 phantom had greater coverage to begin with, so the impact of elongation under compression is less significant.
D. Enclosed Array Configuration With Tumor
While the previous sections used the full heterogeneous fibroglandular content of the phantoms as the feature of interest, this section demonstrates an example with a tumor as the feature of interest. The results for the Class 2 phantom are shown in Fig. 12(a) , and the results for the Class 3 phantom are shown in Fig. 12(b) . The sensitivity ratio for the Class 2 phantom tumor case is roughly 20 dB lower than for the case when the feature of interest was the full heterogeneous fibroglandular structure. For the Class 3 phantom, the difference between the tumor case and the full fibroglandular feature case is more than 30 dB. The lower sensitivity to the tumor in the Class 3 case can be explained by the fact that the Class 3 phantom contains a larger quantity of fibroglandular tissue than the Class 2 phantom. Because fibroglandular tissue has dielectric properties very similar to tumor tissue, introducing the tumor into the Class 3 phantom represents a relatively small change in the scattering signals.
V. IMPACT ON AN IMAGING ALGORITHM
To illustrate the impact of different sensitivity ratios on a representative imaging algorithm, we have performed image reconstructions on simulated array measurements using the distorted Born iterative method (DBIM) as described in [13] . The imaging object was the Class 2 phantom with no tumor. The forward solver within DBIM included model error due to CLASS 2 PHANTOM uncertainty in the immersion liquid properties. We considered two levels of uncertainty: 0.5% and 5%. These levels of perturbation correspond to sensitivity ratios of +15 and −5 dB, respectively, as reported in Fig. 4 . The quality of the reconstructed images is quantified using the cos(φ) fidelity metric defined in [4] , with a value of 1 corresponding to a perfect reconstruction and lower values corresponding to less accurate reconstructions. The reconstructed images are shown in Fig. 13 . The reconstruction in the presence of the higher perturbation error in the immersion liquid properties shows artifacts near the skin. The imaging performance is summarized in Table I . The image reconstructed in the presence of a 5.0% perturbation error in immersion liquid properties (sensitivity ratio of −5 dB) has a fidelity of 0.6672, while the image reconstructed in the presence of a 0.5% perturbation in immersion liquid properties (sensitivity ratio of 15 dB) has a fidelity of 0.8290. For comparison, [13] used Gaussian white noise with a signal-to-noise ratio of 30 dB and obtained an image with fidelity 0.8408 for the Class 2 phantom.
VI. CONCLUSION
We have evaluated array sensitivity to tissue features of interest and to model-based errors in the forward solver that arise due to environmental properties uncertainty. We investigated this sensitivity using two representative, anatomically realistic numerical breast phantoms. The results of this paper indicate that uncertainties in the dielectric properties of the environment surrounding the breast may lead to significant error signals in the forward model and reduced sensitivity ratios. This has important implications for microwave breast imaging via model-based inverse scattering. Namely, the imaging algorithm must be robust in the presence of such error signals, and/or the materials used in the array environment (e.g., immersion medium and antenna substrate) must be very accurately characterized. Promising algorithms for reducing the impact of environmental properties uncertainty include expanding the imaging region to include the region outside the object of interest (see [23] , [24] ) and using spatial prior information from other imaging modalities to constrain the imaging problem (see [25] ). Known-object calibration may also play an important role in reducing the impact of model error, provided the calibration object is sufficiently similar to the object of interest to permit a linear calibration approach. The need for accurate material properties characterization is significantly higher for the dielectric components of antennas, such as the miniaturized patch antennas used in this paper, than for the immersion medium. The results of this paper also indicate that compressing the breast has negligible impact on feature sensitivity. This combined with the minimal improvement due to closer antenna-to-breast spacing suggests that future design efforts should focus on minimizing error sensitivity rather than attempting to improve feature sensitivity.
